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A B S T R A C T   

In this work, we evaluate 454 salt hydrates and 1073 unique hydration reactions in search of suitable materials 
for domestic heat storage. The salts and reactions are evaluated based on their scarcity, toxicity, (chemical) 
stability and energy density (>1 GJ/m3) and alignment with 3 use case scenarios. These scenarios are based on 
space heating (T > 30 ◦C) and hot water (T > 55 ◦C) to be provided by discharge as well as on heat sources 
available in the built environment (T < 160 ◦C) for charging. From all evaluated materials, only 8 salts and 9 
reactions (K2CO3 0–1.5, LiCl 0–1, NaI 0–2, NaCH3COO 0–3, (NH4)2Zn(SO4)2 0–6, SrBr2 1–6, CaC2O4 0–1, SrCl2 
0–1 and 0–2) fulfil all of the criteria. Provided a suitable stabilisation method is found additional 4 salts and 13 
reactions (CaBr2 6-0, CaCl2 6-0, 6-1, 6-2, 4-0, 4-1, 4-2, LiBr 2-0, 2-1, 2-0, LiCl 2-0, 2-1, ZnBr2 2-0) From this 
selection, only 2 salts/reactions (NaI and (NH4)2Zn(SO4)2) have not been extensively studied in the literature. 
Moreover, many well-investigated salt hydrates, such as MgSO4 and LiOH, did not pass our screening. This work 
underlines the scarcity of materials suitable for domestic applications and the need to broaden the scope of future 
evaluations.   

1. Introduction 

With the ongoing energy transition, the integration of renewable 
energy sources into the energy landscape has been steadily increasing 
[1]. A greater impact of that progress is expected if the mismatch in 
space and time between renewable energy generation and utilization [2] 
is overcome through an energy storage solution. The required energy 
storage depends on the final application, as energy is produced and used 
in various forms. The residential sector consumes 21% of the total en
ergy [3]. Nearly 80% of that is consumed as thermal energy for space 
heating and hot tap water [4]. Therefore, a significant contribution to 
energy transition could be made by tackling thermal energy demand 
through heat storage on a domestic level. 

Domestic heat storage can be realised in three forms: sensible, latent 
and thermochemical heat storage (TCHS). Further, each heat storage 
solution can be subdivided into several categories based on the materials 
used to store heat and their working principle [5]. The basis for TCHS is 
often a reversible gas-solid reaction, where water, ammonia or methanol 

vapour is the used gas. However, for safety and environmental reasons, 
reactions utilising H2O are most common for domestic applications [6]. 
The materials used for TCHS are called thermochemical materials 
(TCM). The great advantage of this solution over other heat storage 
systems is the possibility of long-term, nearly loss-free energy storage. 
Because TCHS is based on a reaction between two components, the 
energy is released only when both reactants are in contact with each 
other. Sensible and latent heat storage are based on only the tempera
ture change of the storage material. Therefore, they are prone to 
self-discharge due to heat dissipation. 

In the past decade, TCHS, based on a chemical reaction between a 
salt hydrate and water vapour (see Fig. 1 and Reaction 1), has gradually 
gained more interest [7]. Next to the loss-free, long-term energy storage, 
relatively high energy density, and low temperature operating window 
suitable for built environment have drawn researchers towards this 
category of materials. 

Salt ⋅ mH2O(s) + (n − m)H2O(g)↔ Salt⋅nH2O(s) + Q (Rx.1) 
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In the initial state, salt has m moles of water per mole of salt where m 
≥ 0. During the reaction, the salt reversibly reacts with water vapour, 
H2O(g), and incorporates water molecules into its crystal structure. The 
reaction releases heat, Q. After the reaction, the salt has n moles of water 
per mole of salt where n > m. The water incorporated into the salt’s 
crystal structure is referred to as water of crystallisation or crystal water. 
The water uptake can happen in one or several steps depending on the 
salt. Each step corresponds to a well-defined hydration state before salt 
reaches its maximum loading. After reaching maximum hydration, 
exposure to high water vapour pressure may lead to deliquescence, i.e. 
formation of salt solution, sometimes referred to as overhydration. 

The thermochemical reaction described above is the foundation of 
TCHS based on salt hydrates. The heat is stored by removing crystal 
water from the salt’s structure, thus charging the system. An external 
heat source has to be used since this process is endothermic. The 
dehydration reaction (right to left in Fig. 1) corresponds to charging. The 
stored heat is released during discharge when water vapour from an 
external water reservoir is reintroduced to the system, and the salt is 
hydrated. As mentioned above, water (re)incorporation into the crystal 
structure is exothermic. Thus, the generated heat is harvested by, for 
example, heat exchangers. Therefore the hydration reaction (left to right 
in Fig. 1) is the discharge reaction. The reversible formation and 
breakage of chemical bonds between the two reactants and the energy 
involved in that reaction enable heat storage. However, the material’s 
intrinsic properties, such as, for example, crystal structure and elemental 
composition, determine the reaction rate and the conditions at which 
the system is (dis)charged. Therefore, these properties are critical for the 
final power output of the system and its suitability for practical 
application. 

For an entire domestic TCHS system (see example in Fig. 2), the 
operating conditions, i.e. charge and discharge conditions, are primarily 
determined by the water vapour and heat source. Here we consider a 
typical case of charging and discharging conditions reliant on water and 
heat sources, although other configurations are possible. An under
ground water reservoir can be used to generate the required water 
vapour during the discharge cycle and condense the vapour generated 
during the charge cycle. The necessary heat for charging comes from 
solar thermal collectors installed on the house’s roof. The operating 
temperature of those two components, together with the temperature 
demand of space heating and hot tap water, determines the system’s 
boundary conditions, i.e. maximum dehydration temperature and min
imum hydration temperature. 

The primary benefit of a TCHS system is its ability to store energy for 
a long time, nearly loss-free. It is achievable because of the nature of the 
reactants (gas and solid), making it easy to be fully separated during the 
storage period, preventing self-discharge. The only energy losses occur 
during system operation due to sensible heat losses when parts of the 
system heat up due to hydration. Further, salt hydrates have a higher 
energy density than other heat storage systems and other thermo
chemical materials (TCMs) considered for similar end-use [8]. Finally, 
many salts are eco-friendly, non-toxic and readily available in bulk or 
even as a byproduct of industrial processes, making them affordable. It 
has been estimated that material costs can make up approximately 30% 
of the total system cost [9], which amplifies the importance of correct 

TCM choice. 
Since the early 2000s, many reviews have been published evaluating 

materials and attempting to choose the most suitable one for a pre
defined application [9–22]. The potential candidates were usually 
identified based on a literature study or numerical analysis and evalu
ated based on theoretical energy density and theoretical equilibrium 
phase transition temperature, Teq, described by thermodynamics. The 
theoretical energy density is based on reaction enthalpy and material 
density. It is often compared with other heat storage principles [12] or 
estimates of energy usage in a single-family home [9,18]. Those con
siderations result in a target energy density of the salt of 2 GJ/m3, which 
is at the higher end of the energy density spectrum for potential TCM 
candidates [15,18,19]. 

The equilibrium phase transition temperature defines both hydration 
and dehydration temperature. In Fig. 1, heat generated during discharge 
or supplied during charge occurs at this temperature. There are two 
primary considerations for Teq: 1) How it is calculated, and 2) What is 
the acceptable temperature range. The end application determines the 
latter, with the suggested discharge temperatures varying between 50 
and 60 ◦C and charge temperatures varying between 130 and 155 ◦C. 
This selection is guided by the temperature requirements for domestic 
hot water (DHW) and the available heat source. Only one work by Essen 
et al. [13] considers a lower hydration temperature of 40 ◦C sufficient 
for domestic space heating (DSH). Donkers et al. [18] have shown that 
many reactions have Teq between 30 and 50 ◦C. It means that the desire 
to satisfy DHW demand, which is only 19% of the overall thermal energy 
consumption [4], pre-emptively rejects many salts that could provide 
space heating. 

The aim of this study is to re-evaluate data gathered on salt hydrate- 
water vapour reactions and assess their suitability as a domestic TCM 
under several use case scenarios that reflect different operating 

Fig. 1. A principle of hydration-dehydration reaction between salt hydrate (black crystal) and water (blue circle). Q (orange) is the heat released/supplied during the 
reaction, the image shows two consecutive hydration reactions. 

Fig. 2. Sketch of a domestic TCHS with solar thermal collectors on the roof 
(yellow), a heat storage unit (green) and a coupled water reservoir (blue). Ar
rows show heat supply paths directly from solar collectors (grey) or via the heat 
storage unit (red). 
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conditions, including TCHS for domestic space heating only and TCHS 
combined with an external high temperature source. The starting point 
for this evaluation is the database compiled by Donkers et al. [18], 
which was expanded during our study. Furthermore, this evaluation is 
supplemented with experimental verification of some select candidates. 
We thus generate a list of potential TCM materials applicable to various 
use case scenarios that can be used for future studies. 

2. Quantitative parameters 

2.1. Reaction temperatures 

The thermodynamic phase transition line between two hydration 
states of salt is described by the following relation between the water 
vapour pressure and the equilibrium temperature [18]: 

pvap

p0
= exp

(
ΔS0

R
−

ΔH0

RTeq

)

(1)  

where pvap (mbar) is water vapour pressure, and p0 (mbar) is reference 
vapour pressure set as the atmospheric pressure of 1000 mbar. Further, 
ΔS0 (J/K mol H2O) and ΔH0 (kJ/mol H2O) are entropy and enthalpy of 
the dehydration reaction per mol H2O given in Reaction 1, R is the gas 
constant, and Teq (K) is the corresponding transition temperature. 

ΔH0 and ΔS0 are calculated from tabulated values for formation 
enthalpy ΔfH0 (kJ/mol) and entropy ΔfS0(J/mol K) of individual com
pounds partaking in the reaction, defined in the dehydration direction, 
an example of which is shown in Equation (2). 

ΔH0 =
ΣΔf H0

products − ΣΔf H0
reactants

(n − m)
(2)  

where (n-m) is the number of moles of water partaking in the reaction. 
By solving Equation (1) for a range of T and pvap values, equilibrium 

conditions between two hydration states are obtained and commonly 

expressed as Teq for a given pvap. In Fig. 3, those equilibrium conditions 
are indicated by the thick solid black lines which separate the grey 
zones, which are the thermodynamically stable regions for individual 
hydration states. 

In this example, p-T stability regimes of four hydration states, 0, 1-, 
2- and 6-hydrate, of SrCl2 are visualised. Based on those data, we can 
evaluate the suitability of SrCl2 as TCM. As boundary conditions, we 
assume a water source at 10 ◦C, which gives a partial pressure of 12 
mbar (red arrow 1). If we consider a hydration reaction of mono-to 
dihydrate, we see that the maximum attainable hydration temperature 
is approximately 45 ◦C (red arrows 2–3). The orange lines (B) indicate 
the temperature range in which monohydrate will hydrate, provided a 
pvap of 12 mbar. For dehydration of dihydrate (blue lines, D), we assume 
that the generated water vapour will condense at 14 ◦C (16 mbar, blue 
arrow 4). It means that heat of at least 49 ◦C has to be supplied to drive 
the water of crystallisation out of the salt (blue arrows 5–6). 

Nevertheless, at 12 mbar, two other reactions can occur if the tem
perature changes. Firstly, if the temperature drops below 26 ◦C, dihy
drate will hydrate and form 6-hydrate (red lines, A). Secondly, if the 
temperature drops below 15 ◦C, the hexahydrate will deliquescence 
(green region). Salt deliquescence is a first-order phase transition from 
solid to liquid at conditions characteristic of the salt [25]. It is a process 
in which salt absorbs more water than it can incorporate into its crystal 
structure and dissolves. The salt will recrystallise (effloresce) when 
surrounding conditions are changed such that one of the hydration 
states is stable in its solid form. 

We can determine which phase transitions will occur by traversing 
the phase diagram at selected vapour pressure and temperature condi
tions. However, those are purely theoretical considerations. Many salt 
hydrates suffer from reaction hysteresis [20,26], meaning the actual 
reaction conditions deviate from the calculated equilibrium conditions. 
This discrepancy varies between salts, and it is difficult to predict from 
tabulated values. Salt hydrate solubility has been proposed as an indi
cator for the anticipated reaction hysteresis [27], but this was never 
verified. Previous works treat the relationship between pvap and Teq in 
two distinct ways. The numerical works [15,19] and the study by 
Visscher [16] assume that the water vapour pressure equals the ambient 
pressure of 1 bar. According to the Antoine equation, 1 bar of water 
vapour pressure is generated at a water temperature of 100 ◦C. In the 
case of domestic application, it is safe to assume that the water reservoir 
would have a much lower temperature, given that the output tempera
ture does not have to exceed 60 ◦C. Other studies assumed it to be be
tween 10 ◦C [18,28] and 20 ◦C [9], with corresponding pvap values 
ranging from 10 to 23 mbar. Since high pvap usually couples with high 
Teq, the assumption of very high pvap will lead to overestimating tem
perature output during hydration or material rejection due to exces
sively high dehydration temperature. Therefore, it is crucial that even 
theoretical material evaluation is done with practical conditions in 
mind. 

2.2. Energy density 

The amount of energy a salt hydrate can store is based on the reac
tion enthalpy ΔH0 of a reaction shown in the reaction in Fig. 1. Further, 
the theoretical energy density corresponding to dehydration from hy
dration state n to m on the material level can be expressed on a gravi
metric or volumetric basis. 

The theoretical gravimetric energy density, ϵG, is defined as: 

ϵG =
ΔH0⋅(n − m)

Mn
(3)  

where Mn (kg/mol) is the molar mass of the highest hydrate partaking in 
the considered reaction. 

The corresponding theoretical volumetric energy density, ϵV, is 
defined as: 

Fig. 3. A pressure-temperature phase diagram of SrCl2 based on [23,24]. The 
grey zones mark distinct, stable hydration states. The dotted line indicates salt 
deliquescence, while pure water saturation pressure, calculated following the 
Antoine equation, is marked with the thin line. Orange lines (B) mark the zone 
where at 12 mbar SrCl2⋅H2O will hydrate to SrCl2⋅2H2O, while the red lines (A) 
mark conditions where SrCl2⋅2H2O will hydrate to SrCl2⋅6H2O at 12 mbar. The 
navy lines (C) mark where SrCl2⋅6H2O will dehydrate to SrCl2⋅2H2O if water 
vapour is condensed at 16 mbar, and the blue area (D) is where SrCl2⋅2H2O 
dehydrates to SrCl2⋅H2O. The green lines mark the zone where SrCl2⋅6H2O goes 
into deliquescence at 12 mbar. 
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ϵV =
ΔH0⋅(n − m)

Mn
ρn = ϵGρn (4)  

where ρn (kg/m3) is the crystal density of the highest hydrate partaking 
in the considered reaction. For a process where k hydration steps are 
considered, the theoretical volumetric energy density is calculated as: 

ϵV =

∑i=k

i=1
ΔH0⋅(ni − mi)

Mn
ρn (5)  

2.3. Volumetric changes 

During hydration and dehydration, the salt hydrate undergoes vol
ume changes linked with water molecules entering or leaving the crystal 
structure. A first approximation of the extent of those changes, υ, can be 
made based on the crystal structure density. The expansion during hy
dration in volume percent υ is expressed as: 

υ=
(

1 −
Mm

ρm

ρn

Mn

)

⋅100% (6)  

where Mm (kg/mol) and ρm (kg/m3) are the molar mass and crystal mass 
density of the lowest hydrate partaking in the reaction. Large volumetric 
changes during cycling can cause issues with the mechanical stability of 
the material and lead to pulverisation and agglomeration of the storage 
unit [29,30]. 

2.4. Water footprint 

The water vapour used for hydration or produced in dehydration has 
to be supplied or removed from the system, creating a need for a water 
reservoir and a system that will transport that water vapour. Depending 
on a system design, the water reservoir can be an intrinsic part of the 
system, and all of it is stored locally (closed system). Optionally, the 
water reservoir is placed outside TCHS and coupled with the unit only 
when needed (open system). Regardless of the system design, water 
vapour transport will occur during TCHS operation. The amount of 
water needed to release a certain amount of energy depends on reaction 
enthalpy, i.e. how much heat is released when a water molecule is 
incorporated into the crystal structure. Based on this, we can calculate 
the water footprint, VH2O, for 1 GJ of energy according to: 

VH2O =
106

ΔH0⋅MH2O
(7)  

where MH2O (55.56 mol/L) is the molarity of pure water. 

3. Selection procedure 

The database initially generated by Donkers et al. [18] with 563 
entries and based primarily on [31,32] has been expanded with new 
data mainly from Refs. [11,20,33] and other publications and currently 
encompasses over 2286 entries. Among those entries, there are 1074 
unique reactions and 454 unique salts. All those entries have been 
subjected to a screening process sketched in Fig. 4. First, entries gath
ered in the database were screened according to the following screening 
filters: (1) elemental properties, (2) use case scenario, (3) energy density 
and (4) chemical and physical stability. If a material passed all the 
abovementioned screening filters, it was added to a long list. Next, we 
conducted a literature survey to identify potential hazards and other 
issues not identified by the initial filters. Again, materials that passed the 
literature study were put on the shortlist. Finally, we probed the reaction 
properties under experimental conditions, such as reversibility, kinetics 
and hysteresis. Salts and reactions that passed all those screening steps 
are the most promising candidates based on current selection criteria. 

3.1. Elemental filter 

The elemental filter criterion removes candidates encompassing the 
most obvious elements unsuitable in large quantities for the domestic 
environment. It covers elements classified as radioactive (Atomic 
numbers 84–118), toxic (heavy) metals (Be, Cr, Ba, As, Cd, Pb, Hg, Ni, 
Sb, Tl, Se, Co, Mn) [34–36], rare earth and precious metals (Ga, Ge, Ru, 
Rh, Pd, Ag, In, Te, Re, Os, Ir, Pt, Au, Bi, Sc, Y, atomic numbers 57–71) 
[37,38]. Salts containing elements in the first two classes are excluded 
because of health risks. Although some elements, such as Mn or Se, are 
necessary micronutrients, they become highly toxic in large quantities. 
The second two classes of elements are excluded due to their price, 
scarcity and already high demand in the industry. Nevertheless, those 
criteria can be subject to changes [39] if, for example, a particular salt is 
oversupplied [40]. 

3.2. Use case scenario filter 

Next, we introduced a series of boundary conditions for charge and 
discharge requirements that determine potential use case scenarios. 
Based on that, we have calculated Teq - pvap relationships according to 
the method shown in Section 2 and assessed those values in relation to 
the predefined use case scenarios outlined below. Reactions that did not 
fulfil the desired charge and/or discharge temperatures were excluded 
from further evaluation. 

We define our water reservoir conditions based on the average 
Western European climate. For example, a 7 m deep borehole will have 

Fig. 4. Diagram showing different stages in the salt selection process and the causes for exclusion.  

N. Mazur et al.                                                                                                                                                                                                                                  



Renewable Energy 218 (2023) 119331

5

an approximate temperature of 12 ◦C [18,41,42]. Allowing for some 
temperature variations connected to a location, season and TCHS system 
operation, we assume two different water reservoir temperatures. For 
hydration or discharge, we adopt a water temperature of 10 ◦C resulting 
in a vapour pressure of 12 mbar. Optionally, the water temperature 
could be increased to 25 ◦C (31 mbar) by preheating it with an electrical 
heater or designing a cascade heat storage [43]. If an electric heater is 
used, the energy used to operate it must be considered when evaluating 
the overall energy density of TCHS and system cost. On the other hand, a 
cascade TCHS uses two or more salt hydrates in tandem, where the heat 
output of one of the salts is used as an input for the second one. In this 
case, both materials have to be considered when calculating material 
cost and the overall energy density. For dehydration or charge, we 
presuppose that the generated water vapour will condense at 14 ◦C or 
16 mbar. 

The available heat source also dictates the charge conditions. If we 
assume the use of solar thermal collectors, the expected maximum 
operating temperature output varies between 80 ◦C and 210 ◦C [44]. As 
maximum performance cannot be expected at all times while heat losses 
are, and the cost of high-temperature solar collectors is very high, we 
have chosen a temperature of 160 ◦C as the maximum dehydration 
temperature. It is a more realistic case but still pushes domestic solar 
collector capabilities [45]. Ideally, the salt hydrate should dehydrate 
below 100 ◦C as those temperatures are much more achievable for most 
solar thermal collectors, even during less sunny periods [46]. Moreover, 
other heat sources could be considered in the same temperature range, 
for example, electrical heaters powered by photovoltaic solar panels or 
heat pumps. 

The heat generated during the hydration must fulfil the needs of 
space heating and/or hot tap water. Input temperature for space heating 
depends on the heating system installed in the house. Modern floor 
heating requires the lowest input temperature, while the international 
standards ISO 7730 and DIN EN 15251 state that 20–25 ◦C is a sufficient 
room temperature. Further, assuming a 5 K temperature loss due to 
sensible heat losses [47], a hydration temperature of 30 ◦C is sufficient 
to cover this demand. 

In the case of hot tap water, input temperature is associated with the 
survival and growth of legionella bacteria, which thrives between 20 
and 45 ◦C [48]. Depending on the country’s legislation, the minimum 
DHW temperature has to be between 50 and 60 ◦C [49,50]. Thus, the 
hydration reaction should yield a minimum temperature of 55 ◦C to 
allow for sensible heat losses. 

Based on the discussed requirements, we have identified three use 
case scenarios summarised in Fig. 5 and Table 1. Scenario 1 aims at 
providing at least DSH since, in many countries, space heating accounts 
for more than 60% of the total energy consumption [51], making it a 

prime contender for energy savings. Optionally, the low-temperature 
heat generated by the salt could be used as an input for a heat pump 
to increase its performance and still provide domestic hot water. Sce
nario 2 aims at providing both DSH and DHW. It also allows more 
flexibility in the space heating design, given that it provides higher 
output temperatures. Scenario 3 also aims to cover all domestic heating 
needs using a water source at elevated temperatures. However, it is the 
least cost-effective scenario, given that an additional heat source, such 
as a heat pump, must be incorporated into the system. 

The vapour pressures, summarised in Table 1, together with enthalpy 
and entropy values gathered in the database, were used as input values 
for the thermodynamic calculations. We have compared the calculated 
Teq with the temperatures in Table 1, which we have used as boundary 
conditions during the evaluation. 

In the case of a multi-step process, first, we calculated Teq for each 
transition before evaluating the entire process. The Teq for the transition 
between the two highest-considered hydrates was taken as the 
maximum hydration temperature, while Teq for the transition between 
the two lowest-considered hydrates was taken as the minimum dehy
dration temperature. 

For example, we know that SrCl2 has four hydration states. From 
Fig. 3, we obtain for scenarios 1 and 2 the following equilibrium tem
peratures at 12 mbar (bottom, hydration) and 16 mbar (top, dehydra
tion) are: 

SrCl2⋅6H2O ̅̅̅→
33◦C

←
28◦C

SrCl2⋅2H2O ̅̅̅→
48◦C

←
44◦C

SrCl2

⋅H2O̅̅̅→
86◦C

←
80◦C

SrCl2

(Rx.2) 

Considering the 6-1 transition, the maximum hydration temperature 
at 12 mbar is 28 ◦C, despite monohydrate transitioning to dihydrate at 
44 ◦C. It is because only part of the energy is stored in this transition, and 
if we want to access all of it, we need to ensure complete conversion 
from dihydrate to hexahydrate, which releases heat at lower tempera
tures. Correspondingly, the minimum dehydration temperature for the 
6-1 transition is 48 ◦C as all dihydrate has to be dehydrated to mono
hydrate to charge the system fully, and this will not occur at 

Fig. 5. Summary of use case scenarios indicating temperature requirements of an end-use application and water reservoir temperature with and without temper
ature boost. 

Table 1 
Summary of boundary conditions, output hydration T, input dehydration T at a 
given pvap, describing each use case scenario.   

Scenario 1 Scenario 2 Scenario 3 

Minimum hydration conditions 
(discharge) 

30 ◦C, 12 
mbar 

55 ◦C, 12 
mbar 

55 ◦C, 31 
mbar 

Maximum dehydration 
conditions (charge) 

160 ◦C, 16 
mbar 

160 ◦C, 16 
mbar 

160 ◦C, 16 
mbar  
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temperatures below 48 ◦C. 

3.3. Energy density filter 

In addition to suitable reaction temperature, the amount of energy a 
material can store is also crucial. TCMs get often praised for their high 
energy density compared to other heat storage materials [52,53]. Still, 
there is a large spread between the materials. Early works aimed at 
providing seasonal TCHS, but in recent years it became evident that this 
will not be economically feasible with the current technology. Instead, 
the focus has shifted toward intermittent heat storage that should syn
chronise heat supply and demand. 

To estimate the energy required, we look at an example of heat 
consumption in Western Europe. The consumption per household is 
estimated at approximately 45 GJ/year [51]. Therefore, a material with 
an energy density of 1 GJ/m3 would enable the design of a compact 
energy storage system that could buffer a weekly energy demand or be 
scaled up to a system with higher capacity. A similar energy density 
criterion has been suggested in an earlier study [12]. 

3.4. Stability filter 

Lastly, we evaluate material stability under reaction conditions. We 
have excluded salts that are well known to be chemically unstable and to 
readily degrade in the atmosphere or during repetitive hydration- 
dehydration cycles [27]. Salts that are highly hygroscopic with a low 
deliquescence point (below 10% RH) and salts with a low melting point 
that fulfil the remaining criteria are listed in a separate category. By low 
melting point, we mean salt hydrates that would melt during hydration 
or dehydration. Salts that melt below room temperature of 25 ◦C are 
completely excluded. The reason for this is the need for additional sta
bilisation to prevent the agglomeration and performance drop of TCHS 
[21,52,54], which will most likely impact the energy density and 
possibly the reaction conditions. Nevertheless, recent progress [52,55, 
56] in salt hydrate stabilisation opens up new possibilities to use ma
terials that have been previously discarded. 

3.5. Theoretical assessment 

Materials that have passed the initial screening filters comprise a so- 
called long list. Salts included in the list were subjected to a theoretical 
assessment through a literature survey. The survey aimed to uncover 
additional points for consideration not identified in the Elemental filter, 
availability, physical stability issues and potential deviations from 
calculated equilibrium temperatures based on earlier studies. The sur
vey scanned earlier journal publications, material safety data sheets to 
determine the dangers involving using particular compounds, and USGS 
reports [57] to evaluate potential scarcity issues. 

3.6. Experimental verification 

Materials that have passed all the screening filters and the theoretical 
assessment have been subjected to experimental verification. Readily 
available salts supplied by the manufacturer. If the procurement of salt 
was difficult, it was synthesised in the lab, and the composition was 
verified with powder x-ray diffraction. All samples were pulverised 
using a pestle and mortar and sieved between 50 and 164 μm fraction. 

The experimental verification included the following steps:  

1. Synthesised salts were first analysed in ambient conditions in a 
Miniflex Rigaku powder diffractometer (Cu K α source with a Kβ 
filter). The measurements were conducted in the 20-60o 2 θ range at 
a scan speed of 4◦/min and a step size of 0.01o. Then, the recorded 
XRD patterns were compared in PDXL software with entries from the 
Crystallography Open Database (COD) and the Inorganic Crystal 
Structure Database (ICSD). 

2. Reaction reversibility and reaction kinetics were probed in a ther
mogravimetric analyser (TGA) TGA3+ (Mettler-Toledo). The tem
perature of TGA was calibrated using the heat flow signal of melting 
points of naphthalene, In and Zn. The device was equipped with a 
CellKraft humidifier calibrated by determining the deliquescence 
onset point at 25 ◦C of LiCl⋅H2O, MgCl2⋅6H2O, K2CO3⋅1.5H2O and Mg 
(NO3)2⋅6H2O [24]. All experiments were conducted under an N2 
atmosphere with a 300 mL/min flow rate. Approximately 5 mg of the 
ground and sieved sample was loaded in a 40 μL Al pan. Hydration 
was conducted at 25 ◦C with a dwell time of 4 h. The dehydration 
temperature varied between 50 and 170 ◦C and had a dwell time of 3 
h. Ramping speed of 1 K/min between the dwell steps was used for 
all measurements. The measurements were conducted at isobaric 
conditions of 12 or 16 mbar. An example of such measurement is 
given in Fig. 6, showing material with poor reversibility.  

3. Finally, the energy storage density was probed by measuring the 
dehydration enthalpy with differential scanning calorimetry (DSC) 
in DSC822e (Mettler Toledo). The device was calibrated using 
melting points of naphthalene, benzophenone, In and Zn. Ground 
and sieved samples were loaded into a 40 μL Al pan and fully hy
drated ex-situ in a desiccator with a saturated salt solution providing 
fixed relative humidity. The DSC measurement was conducted be
tween 0 and 160 ◦C, at a scanning rate of 1K/min and an initial dwell 
time of 15 min at 0 ◦C. Dry N2 with a flow rate of 1.4 L/min was used 
in the measurement. 

4. Results of the screening 

4.1. Evaluation of the database and the screening filters 

This study evaluated 454 unique salt hydrates, 1073 unique re
actions and a total of 1336 reactions, summarised in Fig. 7. The vast 
majority of the reactions have a Teq between 0 and 100 ◦C, for pvap 
between 0 and 31 mbar, which is why salt hydrates are favoured for low- 
temperature applications. For the particular case of 12 mbar pvap, the 
average Teq,12 is 76 ◦C, and 61.5% of the reactions have Teq,12 < 100 ◦C. 
We evaluated the average Teq between 6 and 31 mbar (0–25 ◦C), which 
varies between 55 and 102 ◦C. It shows that even at low water reservoir 
temperatures, there are reactions that could potentially provide DHW. 

The mean energy density of the entries gathered in the database is 
1.58 GJ/m3, and 68% of all reactions have an energy density higher than 
1 GJ/m3. As shown in Fig. 7b, the energy density of the material is 
relatively insensitive to Teq. Only when considering ϵV > 3 GJ/m3 the 
average Teq increases to above 100 ◦C. It means that the operating 
conditions do not influence the potential storage density of the system. 

Fig. 6. An example of a TGA screening measurement performed on Na2B4O7 at 
a fixed vapour pressure of 12 mbar (blue line), between 100 and 25 ◦C (red 
plot). The measured mass changes are plotted in black. 
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Combining both factors results in a large pool of potential TCM 
candidates. 

In Fig. 8, we evaluate the reactions gathered in the database with 
energy density and Teq in mind, as those are based on intrinsic salt 
properties governed by thermodynamics. Here, we see that about 43% of 
the reactions fulfil the criteria of the domestic application. In general, 
there is a linear relationship between hydration and dehydration tem
peratures for single-step reactions. Nevertheless, in the 0–200 ◦C region, 
there is a cluster of data points mainly due to the spread between the 
maximum hydration and minimum dehydration temperature for a 
multi-step process, as described in Section 3.2. Fig. 8b shows that most 
reactions have an energy density of 0.8–2.0 GJ/m3. 

Nevertheless, the distribution of potential reactions is comparable 
between the three scenarios. Most reactions fulfil Scenario 1, which has 
the widest temperature range. The impact of minimum hydration tem
perature is very well visible in Fig. 8c. Here we see that the operating 
temperature window has a much stronger impact on the material 
availability than the energy density. Here we also see that a significantly 
large proportion of reactions has Teq below 30 ◦C, which could be 
interesting for cold storage or air conditioning applications. The increase 
in minimum hydration temperature from 30 to 55 ◦C results in an 
approximately 25% decrease in the number of possible reactions. On the 
contrary, the increase of water source temperature from 10 to 25 ◦C 
(12–31 mbar) results in a 40% increase in the number of potential re
actions compared to Scenario 2 or 3.5% compared to Scenario 1. 

Having discussed the characteristics of collected salts, we look at the 
entire screening process, summarised in Fig. 9. About 40% of the entries 
were deemed unsuitable for domestic applications due to their toxicity 
or availability (Elemental filter). Further, 21% of reactions were rejected 
because Teq fell outside the 30–160 ◦C region (Use case scenario filter). It 

includes reactions where Teq,12 < 30 ◦C or Teq,31 < 55 ◦C, which is too 
low for DSH but could be utilized in air conditioning applications [58], 
and Teq > 160 ◦C, which could be considered for high-temperature ap
plications [20]. Furthermore, about 11.5% of the reactions have energy 
densities below 1 GJ/m3, making them undesirable for long-term energy 
storage applications (Energy density filter). A further 8% of all the en
tries have been rejected due to stability issues or reaction properties, 
such as reaction reversibility, formation of polymorphs, melting, and 
chemical degradation (Stability filter). Nevertheless, some salts are 
considered for heat storage applications as phase change materials 
where energy is stored in latent heat instead [59]. It means that nearly 
82% of all reactions were rejected in the initial screening and were not 
included in the long list. 

4.2. Theoretical assessment of the long list 

The 262 reactions that passed all four screening filters make up the 
long list subjected to further literature study. Based on our research, we 
can group the materials into several families listed in Table 2. 

The first family, chlorates, nitrates, iodates, and hydroxides, were 
rejected due to chemical stability issues. The first four clusters are oxi
dising and potentially explosive [20], which poses a significant risk if 
large volumes of the material are used for heat storage. Hydroxides were 
rejected due to their highly alkaline nature, which is very aggressive for 
many materials considered for the reactor. Moreover, many of the 
higher hydrates of hydroxide salts have low melting points, making 
them undesirable for TCHS but possibly interesting for latent heat 
storage [62]. Finally, although some of the low-temperature hydration 
reactions have been considered for TCHS, investigated materials have 
shown a tendency to form carbonates when in contact with moist air, 

Fig. 7. a) Overview of the entries in the database between 0 and 200 ◦C with Teq calculated for pvap = 12 mbar and the mean values marked with the dashed lines and 
b) Distribution of Teq,12 in different εV regimes. The white squares show the mean value of the entries, while the white line indicates the standard deviation of the 
mean value. Reactions exceeding the 0–200 ◦C range are not included in this representation to improve the readability of the figure. 

Fig. 8. a) Relationship between hydration temperature at 12/31 mbar and dehydration temperature at 16 mbar b) Number of reactions fitting specific scenario and 
in a given ϵV range c) Distribution of the number of reactions based on ϵV (inner ring) and Teq,12 (outer ring). 
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reducing the material’s energy density [27,60]. 
The second family of materials consists of phosphates and borates, 

which are known for poor reaction kinetics and reversibility issues [11, 
20]. Although there are some exceptions, such as CaZn2(PO4)2 [63], a 
recent study by Clark et al. [21] supports the earlier observations of slow 
hydration reaction [18,20]. For a well-performing system, fast reaction 

kinetics are crucial to ensure high power output. 
The final family includes elements that are not commonly considered 

rare, but through our study of geological survey reports, we have 
considered being too scarce for large-scale applications. In many cases, 
the production of compounds with those elements is limited, so they are 
often considered speciality chemicals. 

Other salt hydrates belong to different material families and can be 
grouped based on their stability, scarcity and reaction properties 
determined in earlier studies (summarised in Table 3). First, we have 
materials whose measured dehydration temperature lies above our 
predefined maximum of 160 ◦C, although calculated Teq is well within 
use case scenarios. Second, many salt hydrates are unstable under hy
dration and/or dehydration conditions. It includes the formation of 
polymorphs that do not hydrate, decomposition and release of toxic 
gasses such as HBr or HCl, and melting or formation of an amorphous 
phase upon dehydration. Third, a group of salts, many of which were 
considered for TCHS applications under different operating conditions 

Fig. 9. A Sankey diagram illustrating the impact of screening filters on a) the number of reactions and b) the number of salts applicable for domestic TCHS. Salts with 
numerous hydration states can be excluded for several reasons, depending on which transition is considered. Here we consider only one of those exclusion factors, as 
the goal is to give an impression of the number of available salts throughout the screening process. 

Table 2 
Material families rejected during the theoretical assessment.   

Reason for exclusion Material family No. of 
rejections 

Ref 

I Chemically unstable ClO4
− , NO3

− , NO2
−

IO3
− , OH−

31 [20,27, 
60] 

II Reaction reversibility 
issues 

PO4
3− , BO2

− 10 [11,20, 
21] 

III Price and availability Cs, Hf, Rb, V, Mo, 30 [61]  
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but not fitting our selection criteria. Last, materials considered too toxic 
to be used in a domestic environment or not commercially available and 
have no easy ways of synthesising them. 

4.2.1. Shortlist 
The resulting shortlist contains 22 salts and 69 reactions. In addition, 

compounds not extensively studied in the literature were subjected to an 
isobaric test in TGA, described in Section 3.7. The measurement was 
conducted at 12 or 16 mbar vapour pressure between 25 and 50/170 ◦C 
with 1 K/min scanning speed. Based on those screening measurements, 
15 salt hydrates were excluded due to reaction irreversibility or poor 
reaction kinetics. Those compounds are summarised in Table 4. 

The first group of salts did not show any mass uptake when exposed 
to either 12 or 16 mbar at 25 ◦C despite our thermodynamic calculations 
suggesting that a hydrate should form. Both zinc salts in the second 
group showed very slow mass uptake, resulting in partial conversion in 
the allocated time, which we consider too low for practical application. 
Third, MgBr2 has shown continuous decomposition during experimental 
screening. Poor stability in moist conditions was expected as MgCl2 is 
also prone to decomposition [26]. Next, K2C2O4 rehydrated to a lower 
hydration state than predicted by thermodynamics, which could be 
caused by large hysteresis in reaction conditions, an error in the ther
modynamic data or instability of the higher hydrate under given con
ditions. Last, we have SrBr2 and SrCl2, for which some of the possible 
transitions were rejected, as they do not fulfil the use case scenarios 
despite being fully reversible [23,93]. We have rejected the SrBr2 1-0 
reaction, as to reach the anhydrous phase at 12 mbar, a temperature 
above 160 ◦C is needed. It exceeds our use case scenarios. Next, we 
rejected all reactions involving SrCl2⋅6H2O because it cannot provide 
either DSH at 12 mbar or DHW at 31 mbar. 

In the end, 8 salts and 9 reactions fulfil all screening criteria. We will 
discuss those compounds in detail in Section 5. 

4.2.2. Salt hydrates commonly investigated for TCHS that did not pass our 
screening 

During our salt hydrate screening, we evaluated hundreds of salts, 
many of which are under active investigation for low-temperature TCSH 
but did not pass our screening filters [52,94–96]. Some of the most 
commonly considered families of materials are sulphates, in particular 
MgSO4, ZnSO4, Al2(SO4)3 and KAl(SO4)2 [12,69,88,97,98]. All salts are 
readily available and seem enticing due to their high energy density. 
Unfortunately, those salts suffer from large reaction hysteresis, poor 
reaction kinetics and reversibility [18]. As a result, many attempts were 
made to improve and stabilize those materials and improve reaction 
kinetics, often at the expense of other properties [99–104]. 

Within chlorides, MgCl2 and LaCl3 have been extensively investi
gated. MgCl2 is highly hygroscopic and known to agglomerate and 
decompose with cycling [26,105–108]. LaCl3 is less known but has been 
gaining popularity [9,94,109]. Although it has a high energy density and 
is proven stable under reaction conditions, the material’s high cost and 
hazardous nature are a barrier to a domestic application. 

Finally, several lithium salts have been investigated for TCHS [110], 
from which LiOH [22,60,111] is one of the most popular because of its 
high energy density (2.2 GJ/m3, 1.44 MJ/kg) and reversibility at low 
temperatures. However, the hydration kinetics are very poor. Therefore 
most of the studies focused on improving those. Additionally, as 
mentioned in section 4.2, an undesired side reaction with CO2 is a 
common issue when working with hydroxides. 

5. Most promising candidates 

5.1. Materials that do not need stabilisation 

In Table 5, we present the results of the final screening. Despite 
considering over 1073 reactions and experimentally testing 18 salts, our 
list consists mainly of salts already considered for TCHS applications. 
The best examples are K2CO3 [26,112–118], SrBr2 [94,119–123], SrCl2 
[23,124–126], LiCl [30,127–130] and CaCl2 [105,131–135], all of 
which were studied in their pure form, as a part of a composite or even in 
a small reactor. Newly considered TCM materials are NaI and (NH4)2Zn 
(SO4)2. So far, very little work has been done on both materials, but they 
warrant more attention. 

5.1.1. Potassium carbonate 
Since the Donkers et al. [22] review, K2CO3 has gained much interest 

in the literature. Its low cost and chemical robustness are the most 
commonly cited advantages [116] over the other studied materials. 
However, the material suffers from reaction hysteresis, which some 
studies have attempted to combat [136–138]. In addition, the material 
can react with CO2 in the air [26] and form other compounds that can 
negatively impact the charging temperature [139]. With a water source 
of 12 mbar, K2CO3 can provide DSH only (Scenario 1). However, it could 
provide DHW with a water source of 14 mbar or 12 ◦C [140] (Scenario 
3). In either case, dehydration is easily achievable below 100 ◦C. 

5.1.2. Strontium bromide 
SrBr2 is one of the most popular TCM candidates due to its high 

energy density, fast kinetics and (dis)charge temperatures, meeting all 
domestic needs [52]. SrBr2 1–6 transition has very narrow hysteresis 
[121], and there are no reported side reactions. The main disadvantages 
of this material are its relatively high cost [52] and mechanical stability 
issues due to large volumetric changes between mono- and hexahydrate 
[141]. Most recent research focuses on improving salt’s heat and mass 
transfer and its mechanical stability by adding an inert matrix [52,133, 
142]. The temperature output of SrBr2 is comparable with that of K2CO3. 
At 12 mbar, it can provide DSH only (Scenario 1), and to reach 55 ◦C, a 

Table 3 
Summary of salt hydrates rejected due to their (thermo)chemical properties and 
commercial availability.  

Reason for exclusion Salts 

Tdeh > 160 ◦C Al2(OH)4SO4 [11], Al2(SO4)3 [64,65], CaMg((B3O4) 
(OH)3)2 [11], Fe0.66Fe4(SO4)(OH) [11], K4P2O7 [66], 
Mg3(O3POB(OH)3)2 [11], MgC2O4 [11], ZrSO4 [67] 

Unstable under reaction 
conditions 

Al2O3 [20], (Ca3Fe(OH)6)2(SO4)3 [68], CaCl2 [69], 
CaNaB5O6(OH)2 [11], CaSO4 [20], CuBr2 [70], CuCl2 

[27], CuF2 [71], KMgCl3 [72], MgCl2 [26], Na2H2P2O7 

[73], Na2ZnCl4 [74], Na3HP2O7 [73,75], Na5P3O10 

[76], NaCHOO [77], NaCl [78], NaKC4H4O6 [79], 
ZnCl2 [80], ZrF4 [81] 

Poor kinetics under 
reaction conditions 

Ca3Al(OH)6]2(CO3)3 [82], Ca5Si6O17 [83], CaAlSi2O8 

[11], CaSO4 [20], CuSO4 [84], Fe(SO4)(OH) [85], KAl 
(SO4)2 [86], MgSO4 [21], Na4P2O7 [87], ZnSO4 [88, 
89], X2Y(SO4)2 and XAl(SO4)2 (X = Na, K, NH4; Y––Cu, 
Fe, Zn, Mg) [11,90–92], 

Toxicity Cu(HCOO)2, SnBr4, SnCl4 

Limited commercial 
availability 

CH3NH2Al(SO4)2, XSiF6 X=(Sr, Ca), K2CO(SO4)2, 
Li2ZnCl4, Fe(SO4)(OH), MgSO3, (NH2OH)Al(SO4)2  

Table 4 
An overview of salt hydrates rejected during experimental screening, the reason 
for their rejection and the cumulative number of reactions rejected.  

Reason for rejection Salt hydrate Total no. of rx. 
rejected 

Lack of hydration AlF3, Na2CO3, Na2B4O7, 
NaHC2O4, Sr(HCOO)2, 
Na2S2O3, 

10 

Very poor hydration kinetics ZnC2O4, Zn(HCOO)2 2 
Decomposition during 

measurement 
MgBr2, 7 

Limited reversibility resulting 
in ϵV < 1 GJ/m3 

K2C2O4 1 

Reaction conditions outside 
designated pT region 

SrBr2, SrCl2 4  
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water source with approximately 24.8 mbar (21 ◦C) is required (Sce
nario 3) [121]. Nevertheless, charging is readily attainable below 
100 ◦C. 

5.1.3. Strontium chloride 
SrCl2 is not as popular as SrBr2 but has been investigated with H2O 

[23,124–126] and NH3 [143–145] as the reactive gas. Although many 
hydration states give an impression of substantial flexibility in the 
design of operating conditions, most reactions have considerable hys
teresis and poor reaction kinetics, which impose substantial limitations 
[23]. The high energy density of SrCl2⋅6H2O is commonly cited in its 
favour, despite the relatively low melting point of hexahydrate 
(61.3 ◦C), which could have adverse effects on material stability 
[124–126] and the need for high vapour pressures during hydration to 
reach desired output temperature [23,146]. Similarly to SrBr2, an inert 
matrix has been proposed to overcome mechanical stability issues, 
achieved at the expense of energy density [125]. Finally, similarly to 
SrBr2, material cost is substantial compared to other proposed salts. 

5.1.4. Lithium chloride 
LiCl has been studied for TCHS applications primarily as a part of a 

composite material due to its low deliquescence point (11% RH at 25 ◦C 
[24]). Because of that, some applications used both 
hydration-dehydration transition and deliquescence [147] as it in
creases energy density and the operating window. This also means that 
LiCl will most likely require some form of stabilisation by, for example, 
impregnation to limit the challenges related to its high hygroscopicity. 
Its narrow reaction hysteresis, high hydration temperatures and high 
energy density make it a good candidate for TCHS [26]. It can readily 
provide temperatures high enough for DHW at 12 mbar (Scenario 2) and 
dehydrate below 100 ◦C. The main disadvantage of LiCl is its high cost, 
as lithium is one of the critical elements [38], whose prices have steadily 
increased in the last years [148] due to increasing demand for 
Li-batteries. 

5.1.5. Calcium oxalate 
CaC2O4 is a lesser-known salt which has been shown to be stable for 

at least 100 cycles [149]. However, despite very narrow reaction hys
teresis and high hydration temperatures easily covering DHW demand 
(Scenario 2), its operating conditions are at the boundary between low 
and high-temperature applications, which is most likely why it did not 
gain any traction with either of the applications [150]. The main dis
advantages of this material involve its relatively low energy density and 
high price and toxicity compared to other salt hydrates. 

5.1.6. Sodium acetate 
NaCH3COO is well known in the heat storage world as a phase 

change material (PCM) since the trihydrate melts at about 58 ◦C 
[151–154]. Nevertheless, to the best of our knowledge, it was not 
studied as a TCM. The large reaction hysteresis and the low melting 
point of the trihydrate pose challenges for DHW generation. Moreover, 
to reach DHW temperatures, the vapour pressure of 72 mbar (39.5 ◦C) 
has to be supplied, which is higher than what we have predefined in 
Scenario 3. For this application, NaI would also require some form of 
stabilisation to mitigate the melting of its hydrate. Nevertheless, the low 
material cost and adequate energy density could make it a contender for 
DSH applications. 

5.1.7. Sodium iodide 
NaI is a readily available material with a satisfactory energy density. 

At 12 mbar, it can easily provide DSH. To reach DHW temperatures, a 
vapour pressure of approximately 22 mbar (19 ◦C) is needed. However, 
the dihydrate has a relatively low melting point which could be chal
lenging in this application without added stabilisation. The main dis
advantages of this material are its sensitivity to light and moisture, 
which can lead to its chemical degradation and formation of toxic 
products during storage, handling and operation. 

5.1.8. Ammonium zinc sulphate 
(NH4)2Zn(SO4)2 and other Tutton salts [90,155,156] have been 

recently brought to the attention of the researchers, but there is very 
little work done on those materials. A recent study has shown that 
ammonium zinc sulphate is one of the very few salts in this family that is 
fully reversible and stable over at least 10 cycles [90]. The possible 
disadvantage of this material is decomposition with prolonged cycling as 
some other salts in (NH4)2X(SO4)2 (where X stands for divalent metal 
cation) family have shown loss of ammonia over time. From an appli
cation point of view, the material does not seem commercially available 
in large quantities, which would increase the storage cost. It could be 
synthesised from cheap precursors (for example (NH4)2SO4, and ZnSO4) 
or by using spent galvanising electrolyte [157]. Nevertheless, the 
potentially high cost of material synthesis optimisation introduces new 
risks. In our evaluation, we have confirmed that this material could 
provide DSH with a water source at 16 mbar, which is above the con
ditions of Scenario 1 and could potentially fulfil the conditions of Sce
nario 3. 

5.2. Materials that require stabilisation 

Data for the salts summarised in Table 6 that fulfil all the criteria but 
are highly hygroscopic or have a low melting point were not verified 
experimentally as they need to be stabilized first to test the validity of 
the thermodynamic calculations. In recent years, much work has been 
done on stabilising salt hydrates to enhance their mechanical stability 

Table 5 
The most promising candidates for domestic TCHS validated experimentally. The top part of the table details reaction properties at 12 mbar and the bottom part details 
reaction temperatures at 16 mbar. Price estimates are based on bulk volume prices from Alibaba.com.  

Reaction Thyd 

(oC) 
Tdeh 

(oC) 
Teq 

(oC) 
ΔH (kJ/mol 
H2O) 

ϵV (GJ/m3) 
hyd] 

ϵG (MJ/kg) 
hyd] 

V H2O (L/ 
GJ) 

υ 
(%) 

Cost 
($/MJ) 

Use case 
scenario 

Ref 

K2CO3 0–1.5 48.6 73.2 61.7 60.8 1.19 0.55 297 21.7 0.9 1 + 3 [140] 
SrBr2 1-6 42.8 47.5 46.9 54.4 1.87 0.76 332 53.0 4.2 1 + 3 [121] 
SrCl2 0-1 59.7 109.8 80.3 63.0 1.04 0.36 287 14.1 2.2 1–3 [23] 
SrCl2 0-2 34.5 109.8 N/A 61.5 1.73 0.63 294 27.1 1.3 1 + 3 [23] 
LiCl 0-1 61.7 66.4 66.1 53.8 1.57 0.89 335 40.9 73.0 1–3 [26] 
CaC2O4 0-1 129.6 132.5 133.8 66.7 1.00 0.46 271 9.0 21.7 1–3 This 

study 
NaI 0-2 39.6 43.5 40.9 56.2 1.50 0.60 320 42.2 1.4 1 + 3 This 

study 

NaCH3COO 0-3 31.3 36.3 33.6 41.9 1.34 0.93 432 42.8 1.0 3 This 
study 

(NH4)2Zn(SO4)2 

0-6 
34.4 40.0  55.0 1.58 0.82 327  0.7a 3 This 

study  

a Estimate based on prices of (NH4)2SO4 and ZnSO4⋅H2O. 
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and long-term cyclic reversibility [52,55]. This allows us to reconsider 
previously rejected salts due to handling and agglomeration issues [18]. 
Additionally, the utilization of the deliquescence transition to compen
sate for the loss of energy density due to the inert matrix is becoming a 
popular research topic [56,132,135]. Nevertheless, the matrix that is 
chosen to stabilize the salt can affect the reaction onset points and the 
reversibility of the reaction, as there is a chance for chemical interaction 
between the matrix and the salt [121]. Furthermore, the matrix will also 
decrease the energy density and increase the cost of the material. For 
those reasons, the following compounds are presented as theoretically 
interesting compounds that require further research and validation. 

5.2.1. Calcium bromide 
Calcium bromide has been considered for heat storage applications 

in the past, but primarily as a phase change material due to hexahy
drate’s relatively low melting point [158]. Heat storage utilising the 
dissolution or deliquescence reaction [159,160] has also been consid
ered due to the low deliquescence point of hexahydrate [24]. The salt 
readily provides temperatures high enough for DHW, even at low vapour 
pressures. Based on that, there is a potential for CaBr2 as a TCHS ma
terial, provided a suitable encapsulation method is found. Nevertheless, 
as with many other halide salts, care must be taken so that no hydrolysis 
occurs because this will lead to toxic and corrosive gasses forming. 

5.2.2. Calcium chloride 
Calcium chloride is a very common compound that has been inten

sively studied both as TCM and PCM. The early work on CaCl2 as TCM 
has shown that the material cannot be used in its pure form due to its 
high hygroscopicity and a low melting point of its hydrates, leading to 
agglomeration and performance loss [69]. The more recent work utilizes 
various stabilisation methods [132] and shows that this material can be 
used as a TCM, provided a suitable matrix is found. The promising 
outlook for this salt is further supported by fast reaction kinetics and its 
favourable price. If all hydration states are utilized, and possibly the 
deliquescence transition as well, then only DHS can be provided. By 
sacrificing part of the energy density, hot tap water could be provided at 
elevated vapour pressures, provided the melting of the lower hydrates is 
mitigated. 

5.2.3. Lithium bromide 
Lithium bromide is an extremely hygroscopic compound with a DRH 

of 6.4% [24] and thus never used in its pure form. It has been considered 
for automotive application with methanol as a working gas [161], in 
absorption systems [162] or as a part of composite [163]. The main 
recurring drawback of the compound is its high price due to the high 
lithium demand for electrical batteries [164]. Dihydrate formation 
could readily provide space heating, and at lower energy densities, DHW 
could be generated by utilising the 0–1 transition, even at vapour 
pressures as low as 1 mbar. 

5.2.4. Zinc bromide 
ZnBr2 is already widely used in energy storage as a main electrolyte 

component in ZnBr2 redox flow batteries [165]. Nevertheless, it hasn’t 
been applied for heat storage applications. Similarly to LiBr, ZnBr2 has a 
very low DRH [24], and its hydrate has a low melting point [33]. It can 
readily provide DHS, but production of DHW would require a vapour 
pressure of at least 16 mbar. 

6. Conclusion and outlook 

In this work, we have evaluated 1073 reactions and 454 salt hydrates 
in view of domestic thermochemical heat storage. Reactions that passed 
the initial screening made up the long list of 261 reactions subjected to a 
theoretical assessment. This assessment revealed that only a shortlist of 
69 reactions is worthwhile to test experimentally. In the end, only 8 salts 
(K2CO3, SrBr2, SrCl2, NaI, CaC2O4, NaC2H3O2, (NH4)2Zn(SO4)2, LiCl) 
and 9 reactions have shown to fulfil all the essential criteria. Additional 
4 salts (CaBr2, CaCl2, LiBr, ZnBr2) and 13 reactions are promising, 
provided a suitable stabilisation method is applied to prevent their 
mechanical disintegration during operation. Of those compounds, only 3 
(NaI, (NH4)2Zn(SO4)2, ZnBr2) have not been extensively researched for 
TCHS applications. It shows that the number of salt hydrates that could 
be used for domestic heat storage is quite limited, and there are two 
primary reasons for that. First of all, the operating window for domestic 
applications is very narrow. Even in the most relaxed case, Scenario 3, 
we have considered a temperature range of 130 ◦C and a vapour pressure 
range of 15 mbar, which poses many restrictions. Secondly, although 
reaction enthalpies and entropies for many reactions are relatively 
similar, the p-T relationship strongly depends on enthalpy. It means that 
even minor changes in the enthalpy lead to significant shifts in reaction 
conditions. 

Future work has two major outlooks. Firstly, the shortlisted materials 
should be evaluated on a larger scale by testing the (de)hydration 
behaviour on a particle scale and even in small reactors. In this evalu
ation, the long-term mechanical and chemical stability should be 
investigated, and reaction kinetics closely monitored. Thermal conduc
tivity measurements could also expand the material evaluation to gain 
even more insight into material properties. Secondly, future material 
screening works should venture outside the tabulated values to increase 
the pool of candidates. For example, the thermodynamic properties of 
readily available compounds that are not yet reported in the literature 
should be measured to assess those compounds better. Additionally, 
numerical modelling such as DFT and machine learning could be 
employed to predict the stability of new (double)salts and their ther
modynamic properties. 
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[27] L.C. Sögütoglu, Fundamentals of Salt Hydration for Heat Battery Application, 
Eindhoven university of technology, 2020. 

[28] M. van Essen, L.P.J. Bleijendaal, B.W.J. Kikkert, H.A. Zondag, M. Bakker, P. 
W. Bach, Development of a compact heat storage system based on salt hydrates, 
Int. Conf. Sol. Heating, Cool. Build. (2010) 1–8, https://doi.org/10.18086/ 
eurosun.2010.16.37. 

[29] M.A.J.M. Beving, A.J.H. Frijns, C.C.M. Rindt, D.M.J. Smeulders, Effect of cycle- 
induced crack formation on the hydration behaviour of K2CO3 particles: 
experiments and modelling, Thermochim. Acta 692 (2020), 178752, https://doi. 
org/10.1016/j.tca.2020.178752. 

[30] L. Calabrese, V. Brancato, V. Palomba, A. Frazzica, L.F. Cabeza, Innovative 
composite sorbent for thermal energy storage based on a SrBr2⋅6H2O filled 
silicone composite foam, J. Energy Storage 26 (2019), 100954, https://doi.org/ 
10.1016/j.est.2019.100954. 

[31] L. Glasser, Thermodynamics of inorganic hydration and of humidity control, with 
an extensive database of salt hydrate pairs, J. Chem. Eng. Data 59 (2014) 
526–530, https://doi.org/10.1021/je401077x. 

[32] Washburn EW. International Critical Tables of Numerical Data, Physics, 
Chemistry and Technology (1st Electronic Edition) n.d.. 

[33] V.S. IVSY. Database of Thermal Constants of Substances n.d. http://www.chem. 
msu.ru/cgi-bin/tkv.pl?brutto=&show=search&joules=0 (accessed May 11, 
2022).. 

[34] Tchounwou PB, Yedjou CG, Patlolla AK, Sutton DJ. Heavy Metals Toxicity and the 
Environment n.d. https://doi.org/10.1007/978-3-7643-8340-4_6.. 

[35] Occupational Safety and Health Administration, Toxic Metals, Occupational 
Safety and Health Administration, 2004. 

[36] Lenntech. Heavy Metals n.d. 
[37] G.B. Haxel, J.B. Hedrick, Rare earth elements—critical Resources for high 

technology, US Geological Survey 87 (2) (2002). 
[38] A.J. Hurd, R.L. Kelley, R.G. Eggert, M.H. Lee, Energy-critical elements for 

sustainable development, MRS Bull. 37 (2012) 405–410, https://doi.org/ 
10.1557/MRS.2012.54. 

[39] N. Hatada, K. Shizume, T. Uda, Discovery of Rapid and Reversible Water Insertion 
in Rare Earth Sulfates : A New Process for Thermochemical Heat Storage, vol. 
1606569, 2017, pp. 1–6, https://doi.org/10.1002/adma.201606569. 

[40] K. Shizume, N. Hatada, S. Yasui, T. Uda, Multi-step hydration/dehydration 
mechanisms of rhombohedral Y2(SO4)3: a candidate material for low- 
temperature thermochemical heat storage, RSC Adv. 10 (2020) 15604–15613, 
https://doi.org/10.1039/d0ra02566f. 

[41] C. Geelen, L. Krosse, P. Sterrenburg, E.-.J. Bakker, N. Sijpheer, Handboek 
Energiepalen, 2003, p. 20. 

N. Mazur et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.renene.2023.119331
https://doi.org/10.1016/j.renene.2023.119331
https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and-Generation/Statistics-Time-Series
https://www.irena.org/Statistics/View-Data-by-Topic/Capacity-and-Generation/Statistics-Time-Series
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref2
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref2
https://www.iea.org/regions/europe
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Energy_consumption_in_households
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Energy_consumption_in_households
https://doi.org/10.1016/j.apenergy.2016.12.148
https://doi.org/10.3934/energy.2016.6.936
https://doi.org/10.3934/energy.2016.6.936
https://doi.org/10.1016/j.solener.2019.01.050
https://doi.org/10.1016/j.solener.2019.01.050
https://doi.org/10.1016/j.pecs.2013.05.004
https://doi.org/10.1016/j.pecs.2013.05.004
https://doi.org/10.1016/j.apenergy.2014.02.053
https://doi.org/10.1016/j.apenergy.2014.02.053
https://doi.org/10.1021/acs.chemrev.8b00315
https://doi.org/10.1021/acs.chemrev.8b00315
https://doi.org/10.1016/j.tca.2019.02.010
https://doi.org/10.1016/j.tca.2019.02.010
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref12
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref12
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref13
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref13
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref13
https://doi.org/10.1016/j.egypro.2014.02.053
https://doi.org/10.1016/j.egypro.2014.02.053
https://doi.org/10.1016/j.apenergy.2016.08.142
https://doi.org/10.1016/j.apenergy.2016.08.142
https://doi.org/10.1016/j.rser.2014.11.015
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref17
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref17
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref17
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref17
https://doi.org/10.1016/j.apenergy.2017.04.080
https://doi.org/10.1021/acs.chemmater.7b05230
https://doi.org/10.1016/j.tca.2017.06.011
https://doi.org/10.1016/J.EST.2022.104415
https://doi.org/10.1016/J.EST.2022.104415
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.953-954.757
https://doi.org/10.4028/WWW.SCIENTIFIC.NET/AMR.953-954.757
https://doi.org/10.1016/j.solmat.2022.111770
https://doi.org/10.1016/j.solmat.2022.111770
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref24
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref24
https://doi.org/10.1146/annurev.food.080708.100915
https://doi.org/10.1146/annurev.food.080708.100915
https://doi.org/10.1016/j.apenergy.2018.01.083
https://doi.org/10.1016/j.apenergy.2018.01.083
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref27
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref27
https://doi.org/10.18086/eurosun.2010.16.37
https://doi.org/10.18086/eurosun.2010.16.37
https://doi.org/10.1016/j.tca.2020.178752
https://doi.org/10.1016/j.tca.2020.178752
https://doi.org/10.1016/j.est.2019.100954
https://doi.org/10.1016/j.est.2019.100954
https://doi.org/10.1021/je401077x
http://www.chem.msu.ru/cgi-bin/tkv.pl?brutto=&amp;show=search&amp;joules=0
http://www.chem.msu.ru/cgi-bin/tkv.pl?brutto=&amp;show=search&amp;joules=0
https://doi.org/10.1007/978-3-7643-8340-4_6
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref35
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref35
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref37
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref37
https://doi.org/10.1557/MRS.2012.54
https://doi.org/10.1557/MRS.2012.54
https://doi.org/10.1002/adma.201606569
https://doi.org/10.1039/d0ra02566f
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref41
http://refhub.elsevier.com/S0960-1481(23)01246-6/sref41


Renewable Energy 218 (2023) 119331

13

[42] L.F. Cabeza, Advances in Thermal Energy Storage Systems: Methods and 
Applications, Woodhead Publishing, 2021, https://doi.org/10.1016/B978-0-12- 
819885-8.00002-4. 

[43] K.E. N’Tsoukpoe, N. Mazet, P. Neveu, The concept of cascade thermochemical 
storage based on multimaterial system for household applications, Energy Build. 
129 (2016) 138–149, https://doi.org/10.1016/j.enbuild.2016.07.047. 

[44] Solar Keymark n.d. http://www.solarkeymark.nl/DBF/(accessed July 7, 2022). 
[45] F. Kuznik, K. Johannes, Thermodynamic efficiency of water vapor/solid chemical 

sorption heat storage for buildings: theoretical limits and integration 
considerations, Appl. Sci. 10 (2020) 489, https://doi.org/10.3390/app10020489. 

[46] G. Martínez-Rodríguez, A.L. Fuentes-Silva, M. Picón-Núñez, Targeting the 
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